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We study the melting temperature of heavy mesons in the hot medium of light quarks. By solving
the covariant Schro¨dinger equations at finite temperature for mesons D, φ and J/ψ, we obtained the
temperature dependence of their masses, binding energies and averaged sizes and found the flavor
dependence of the melting temperature: TD ≃ Tφ < TJ/ψ. The sequential melting temperature can
explain the difference in meson elliptic flow observed in heavy ion collisions.
PACS numbers: 12.38.Mh,12.39.Pn,25.75.Ld
From the lattice simulations of quantum chromody-
namics (QCD) at finite temperature, there exists a de-
confinement phase transition from hadron matter to
quark matter at the critical temperature Tc ≃ 170
MeV [1]. Considering different binding energy of differ-
ent hadrons, the melting temperature may depend on
the flavor structure of hadrons. This flavor dependence
of the deconfinement temperature is recently studied
by lattice simulations [2, 3] and effective models [4–7].
In the experiments of high energy nuclear collisions at
the Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC), J/ψ, the bound state of charm
quark c and antiquark c¯, is taken as a sensitive probe of
the quark matter created in the early stage of the col-
lisions [8]. The underlying reason is that the melting
temperature of J/ψ is much higher than the deconfine-
ment temperature of light quarks and therefore it has
the possibility to survive in the light quark matter and
carries the information of the hot medium.
In this work, we study in the frame of relativistic
potential model the flavor dependence of the melting
temperature of those heavy mesons consisted of s and
c quarks. While the quarkomium states (cc¯ or bb¯) can
approximately be described in the non-relativistic po-
tential model [9], one has to take into account the rela-
tivistic effects for light hadrons. The relativistic poten-
tial model has well been applied to the description of
meson spectra in vacuum [10–12]. Taking Pauli reduc-
tion and scale transformation [13], the two-body Dirac
equation is effectively expressed as a group of covariant
Schro¨dinger equations and used to calculate the wave
functions of qq¯ bound states at T = 0 [14]. We extended
this model to cc¯ bound states at finite temperature and
found that the relativistic correction to the cc¯ melting
temperature is about 10% [15]. The power of the rel-
ativistic potential model at finite temperature is not
only the correction to the quarkonium states, but also
a reasonable description to those hadrons consisted of
s and c quarks. In this paper we calculate the melt-
ing temperature of D, φ and J/ψ mesons in the hot
medium of light quarks and see if there exists a sequen-
tial deconfinement phase transition from light to heavy
quarks.
In order to describe a general bound state q1q¯2 with
q1, q2 = u, d, s, c, we consider the following Schro¨dinger
equations [14] for the radial motion of the q1q¯2 state
relative to the center of mass. The radial wave func-
tions of the spin singlet u0 and one of the spin triplet
u01 with quantum numbers n
2s+1lj = n
1ll and n
3ll are
controlled by the two coupled equations,
[
− d
2
dr2
+
j(j + 1)
r2
+ 2mwB +B
2 + 2ǫwA−A2 +ΦD − 3ΦSS
]
u0 + 2
√
j(j + 1) (ΦSOD − ΦSOX)u01 = b2u0,[
− d
2
dr2
+
j(j + 1)
r2
+ 2mwB +B
2 + 2ǫwA−A2 +ΦD − 2ΦSO +ΦSS + 2ΦT − 2ΦSOT
]
u01
+2
√
j(j + 1) (ΦSOD +ΦSOX)u0 = b
2u01, (1)
and the other two states u+1 and u
−
1 of the triplet with quantum numbers n
3ll+1 and n
3ll−1 are characterized by[
− d
2
dr2
+
j(j − 1)
r2
+ 2mwB +B
2 + 2ǫwA−A2 +ΦD + 2(j − 1)ΦSO +ΦSS + 2(j − 1)
2j + 1
(ΦSOT − ΦT )
]
u+1
+
2
√
j(j + 1)
2j + 1
(3ΦT − 2(j + 2)ΦSOT )u−1 = b2u+1 ,[
− d
2
dr2
+
(j + 1)(j + 2)
r2
+ 2mwB +B
2 + 2ǫwA−A2 +ΦD − 2(j + 2)ΦSO +ΦSS + 2(j + 2)
2j + 1
(ΦSOT − ΦT )
]
u−1
+
2
√
j(j + 1)
2j + 1
(3ΦT + 2(j − 1)ΦSOT )u+1 = b2u−1 (2)
with the energy eigenvalue
b2 =
1
4
[
m2m − 2
(
m2q1 +m
2
q2
)
+
(
m2q1 −m2q2
)2
/m2m
]
, (3)
2where n is the principal quantum number, l, s
and j are the orbital, spin and total angular mo-
mentum numbers, mm, mq1 and mq2 are the me-
son and quark masses, the other two mass pa-
rameters mw and ǫw are defined as mw =
mq1mq2/mm and ǫw =
(
m2m −m2q1 −m2q2
)
/(2mm),
and the explicit expressions for the Darwin term,
spin-spin and spin-orbit couplings and tensor terms
ΦD,ΦSS ,ΦSO,ΦT ,ΦSOT ,ΦSOD and ΦSOX introduced
in the dynamical equations are given in Ref. [14]. Note
that for q1 = q2 the tensor terms ΦSOD and ΦSOX
disappear and the two wave equations (1) become de-
coupled. For the S-wave of spin singlet 1S0 with j = 0,
such as D and Ds mesons, the mixing terms vanish too.
In the Schro¨dinger equations (1) and (2) the central
potential between the quark q1 and antiquark q¯2 has
been separated into two parts [14],
V (r) = A(r) +B(r), (4)
A and B control respectively the behavior of the poten-
tial at short and long distance. In vacuum we take the
Cornell potential, including a Coulomb-like part which
dominates the wave functions around r = 0 and a linear
part which leads to the quark confinement,
A(r) = −α
r
,
B(r) = σr. (5)
Since the interaction between quarks is a color inter-
action, the coupling constants α and σ are indepen-
dent of the flavor structure of quarks q1 and q¯2. Dif-
ferent from the previous works [11, 14, 15] where the
parameters in the Schro¨dinger equations are fixed by
fitting the meson masses in vacuum, we determine, like
Ref.[9], the parameters by considering both the me-
son masses in vacuum and the lattice calculated quark
potential [16, 17, 19] at finite temperature. We take
α = π/12 and σ = 0.19 GeV2 which fit the lattice
data well and the quark massesmc=1.28 GeV,ms=0.08
GeV and mu = md=0.005 GeV which lead to the me-
son masses shown in Table I.
TABLE I: Meson masses in vacuum and the comparison
with the experimental data [20].
Meson n2s+1lj Exp.(GeV) Theo.(GeV)
φ : ss¯ 13S1 + 1
3D1 1.019 1.096
D : cu¯ 11S0 1.865 1.929
D∗ : cu¯ 13S1 + 1
3D1 2.010 1.989
Ds : cs¯ 1
1S0 1.968 1.978
D∗s : cs¯ 1
3S1 + 1
3D1 2.112 2.037
J/ψ : cc¯ 13S1 + 1
3D1 3.097 3.045
ψ′ : cc¯ 23S1 + 1
3D1 3.686 3.609
χ1 : cc¯ 1
3P1 3.511 3.395
At finite temperature the free energy F of a pair of
heavy quarks is calculated by lattice simulations [16–
18]. It is the potential in the limit of slow meson disso-
ciation in the medium. In this case there is enough time
for the meson to exchange heat with the medium. How-
ever, in the limit of rapid dissociation, there is no heat
exchange between the meson and the medium, and the
potential is the internal energy U which is related to F
through the thermodynamic relation U = F−T∂F/∂T .
In general case the quark potential is in between the two
limits. When temperature T vanishes, there is no more
difference between F and U , and we come back to the
Cornell potential (5). While different quark potential
at finite temperature will change the meson wave func-
tions, the flavor dependence of the meson melting tem-
perature Tm, especially the order of Tds is not sensitive
to the choice of V . In the following calculations at finite
temperature we take the limit V = F as an example and
will discuss the difference in the other limit V = U .
Considering the Debye screening in the medium, the
potential V (r, T ) = A(r, T ) +B(r, T ) = F (r, T ) can be
written as [9, 16]
A(r, T ) = −α
r
e−µr, (6)
B(r, T ) =
σ
µ
[
Γ
(
1
4
)
2
3
2Γ
(
3
4
) − √µr
2
3
4Γ
(
3
4
)K 1
4
(
µ2r2
)]− αµ,
where Γ is the Gamma function, K is the modified
Bessel function of the second kind, and the tempera-
ture dependent parameter µ(T ), namely the screening
mass or the inverse screening radius, can be extracted
from fitting the lattice simulated free energy [16, 17].
Using the inverse power method [21] to solve the
Schro¨dinger equations (1) and (2), we obtain the meson
radial wave function
ψ(r, T ) =
u(r, T )
r
(7)
and the meson mass mm(T ) through the energy eigen-
value b2(T ). From the known temperature dependence
of the meson mass and wave function, we derive in turn
the relativistic meson binding energy [15]
ǫ(T ) = V (∞, T )+
√
V 2(∞, T ) + (mq1 +mq2)2−mm(T )
(8)
and the averaged meson size, namely the distance be-
tween the quarks q1 and q¯2,
〈r〉(T ) =
∫
drr3 |ψ(r, T )|2∫
drr2 |ψ(r, T )|2 . (9)
Since the mass change for a heavy quark system is
expected to be weak at low temperature, it is normally
neglected in model calculations. However, from the
calculations with QCD sum rules [22, 23] and QCD
second-order Stark effect [24], the J/ψ mass is remark-
ably changed in a static hot medium. In the region
above and close to the deconfinement temperature Tc
of light quarks, there is a strong change in the mass
of J/ψ. For instance, at temperature T/Tc = 1.1 the
mass shift ∆mJ/ψ = mJ/ψ(T ) − mJ/ψ(Tc) can reach
100 MeV [24], which is already comparable with the
mass change for light hadrons [25]. From our calcu-
lation in the frame of relativistic potential model at
finite temperature, shown in the upper panel of Fig.1,
the hot medium effect on the meson mass is remark-
able too. The maximum mass reduction is about 5%
for J/ψ and D and reaches 20% for φ.
3While the change in the meson mass is smooth, the
binding energy ǫ(T ) drops down very fast due to the
rapidly decreasing potential V (∞, T ) at infinite dis-
tance, see the lattice calculations [9, 16]. This means
that the fast melting of heavy mesons in hot medium is
not due to their mass change but from the strong Debye
screening which changes dramatically the potential be-
tween the two quarks. From the definition of the meson
melting temperature Tm,
ǫ(Tm) = 0, (10)
the meson can survive in the light quark matter in the
temperature region Tc < T < Tm. Note that the bind-
ing energy is controlled by the constant quark masses
mq1 and mq2 and the temperature dependent meson
mass mm(T ) and the quark potential V (∞, T ), see
equation (8), the melting temperature is determined
by their competitions. The values of Tm extracted
from Fig.1 are shown in Table II. Since the potential
V = U is much stronger than the potential V = F ,
the temperature needed to melt the meson is much
higher in V = U than that in V = F . Considering
the fact that the real quark potential is in between F
and U , the melting temperature is in a wide region,
1.1 <∼ TD/Tc ≃ Tφ/Tc <∼ 1.8 and 1.3 <∼ TJ/ψ/Tc <∼ 2.5.
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FIG. 1: (color online) The scaled meson mass
mm(T )/mm(Tc) (upper panel) and scaled meson binding
energy ǫ(T )/ǫ(Tc) (lower panel) as functions of scaled tem-
perature T/Tc for D, φ and J/ψ. Tc is the deconfinement
temperature of light quarks, and the model calculations
are with quark potential V = F .
TABLE II: Meson melting temperature Tm for D, φ and
J/ψ in the two limits of quark potential V = F and V = U .
meson Tm/Tc(V=F) Tm/Tc(V=U)
D 1.08 1.81
φ 1.08 1.77
J/ψ 1.28 2.51
The radial wave functions for mesons D, φ and J/ψ
are shown in Fig.2. In vacuum with T = 0, the wave
functions are mainly distributed in a narrow region of
r < 1 fm and the peaks are located at r ∼ 0.3 fm. This
means quark confinement in vacuum. With increasing
temperature of the system, the wave functions expand
continuously. At the deconfinement temperature Tc of
the light quarks, while the wave functions shift out-
side a little, the distribution is still similar to the one
in vacuum. This indicates that the heavy mesons can
survive in the soup of light quarks. The change from
Tc to the meson melting temperature Tm is however
dramatic, and the wave functions expand rapidly. This
means the collapse of the heavy meson systems. For
vector mesons φ and J/ψ, their wave functions contain
two components, the S and D waves, shown as solid
and dashed lines in Fig.2. Since charm quark is much
heavier than strange quark, the relative rotation be-
tween the c and c¯ should be much weaker than that
between the s and s¯. As a consequence, the D-wave of
J/ψ can be neglected at any temperature, but the D-
and S-waves for φ are almost equally important.
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FIG. 2: (color online) The radial wave function u(r) as a
function of the distance r between the two quarks for mesons
D (upper panel), φ (middle panel) and J/ψ (lower panel) at
three temperatures T = 0, Tc and Tm. The solid and dashed
lines are respectively for the S and D waves. Tc is the
deconfinement temperature of light quarks, Tm is the heavy
meson melting temperature, and the model calculations are
with quark potential V = F .
The melting temperature Tm can also be defined
through the infinite size of the meson,
〈r〉(Tm)→∞, (11)
which is equivalent to the definition of zero binding
energy. The scaled average size 〈r〉(T )/〈r〉(Tc) as a
function of scaled temperature T/Tc is shown in Fig.3.
4When the temperature approaches to the melting tem-
perature, the meson size increases dramatically, and the
meson collapse process is very fast.
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FIG. 3: (color online) The scaled average size 〈r〉(T )/〈r〉(Tc)
as a function of the scaled temperature T/Tc for mesons D,
φ and J/ψ. Tc is the deconfinement temperature of light
quarks, and the model calculations are with quark potential
V = F .
To see possible effect of the sequential hadron melt-
ing temperature on the finally observed distributions
in high energy heavy ion collisions, we estimate now
the meson elliptic flow v2 in the frame of hydrodynam-
ics [28, 29]. v2 is created in the initial stage of the col-
lisions and develops in the hot medium, it is therefore
sensitive to the hadron melting temperature. At LHC
energy the initial temperature of the colliding system
is so high, the u, d, s and c quarks are all deconfined
in the early stage of the hydrodynamic evolution of the
fireball. With the expansion of the system, the temper-
ature goes down and mesons are formed at the melt-
ing temperature Tm. Taking the ideal hydrodynamics
∂µT
µν = 0 with T µν being the energy-momentum ten-
sor and the equation of state with a first order phase
transition between partons and hadrons [28], we obtain
the meson momentum distribution
dN
dptdy
=
1
(2π)3
∫
dσµp
µfm (12)
where σµ is the meson formation hypersurface de-
termined by the melting temperature T (x, t) = Tm,
fm = 1/
(
epuu
µ/Tm − 1) is the thermalized meson dis-
tribution at Tm, and the local temperature T and fluid
velocity uµ are from the solution of the hydrodynamics.
We have neglected here the meson interactions in the
hadron phase. The meson elliptic flow is defined as
v2 =
∫
dϕ dN/dϕ cos(2ϕ)∫
dϕdN/dϕ
(13)
with ϕ being the angle between the short axis of the
ellipse and the transverse momentum pt. For Pb+Pb
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FIG. 4: (color online) The meson elliptic flow v2 as a func-
tion of its transverse momentum pt for π, φ and J/ψ in
Pb+Pb collisions at
√
sNN = 2.76 TeV. The experimental
data are from [26] for π and φ at centrality bin 20%− 60%
and rapidity bin |η| < 0.8 and [27] for J/ψ at bins of
40% − 50% and 2.5 < η < 4.0, and the model calcula-
tions are at impact parameter b = 10.2 fm and with quark
potential V = F .
collisions at
√
sNN = 2.76 TeV and impact parame-
ter b = 10.2 fm, we calculated the elliptic flow for π
and φ in central rapidity and J/ψ in forward rapidity,
the result and the comparison with the experimental
data are shown in Fig.4. From the data there is the
relation vpi2 > v
φ
2 > v
J/ψ
2 . This can be understood
from the flavor dependence of the melting tempera-
ture Tpi(= Tc) < Tφ < TJ/ψ: A high melting temper-
ature means an early hadronization of the correspond-
ing quarks in heavy ion collisions, and therefore these
quarks do not have enough time to develop the elliptic
flow. The model calculations agree reasonably well with
the data at low pt where the hydrodynamics works.
In summary, we investigated the melting tempera-
ture of the mesons consisted of s and c quarks in the
hot medium of light quarks. In the relativistic poten-
tial model, we solved the covariant Schro¨dinger equa-
tions for D, φ and J/ψ at finite temperature, with the
help of the central potential extracted from the lat-
tice simulations. We obtained the meson binding en-
ergy and average size which determine the melting tem-
perature. We found a sequential melting temperature
TD ≃ Tφ < TJ/ψ, which can be used to explain the
difference in meson elliptic flows observed at LHC.
Acknowledgement: The work is supported by the
NSFC under grant No. 11079024 and the MOST under
grant No. 2013CB922000.
5[1] F.Karsch, Nucl. Phys. A698, 199(2002).
[2] Y.Aoki, G.Endro¨di, Z.Fodor, S.D.Katz and K.K.Szabo´,
nature 443 05120.
[3] R.Bellwied, S.Borsanyi, Z.Fodor, S.D.Katz and
C.Ratti, arXiv:1305.6297[hep-lat].
[4] J.Liao and E.V.Shuryak, Phys. Rev. D73,
014509(2006).
[5] F.Xu, H.Mao, T.K.Mukherjee and M.Huang, Phys.
Rev. D84, 074009(2011).
[6] C.Ratti, R.Bellwied, M.Cristoforetti and M.Barbaro,
Phys. Rev. D85, 014004(2012).
[7] S.Shi and J.Liao, arXiv:1304.7752.
[8] T.Matsui and H.Satz, Phys. Lett. B178, 416(1986).
[9] H. Satz, J. Phys. G32, R25(2006).
[10] H.W.Crater and P.Van Alstine, Phys. Rev. D36:
30007(1987).
[11] H.W.Crater and P.Van Alstine, Phys. Rev. D70,
034026(2004).
[12] H.W.Crater, and C.Y.Wong, Phys. Rev. D85,
116005(2012).
[13] P.Long and H.W.Crater, J. Math. Phys. 39, 124(1998).
[14] H.W.Crater, J.Yoon, and C.Wong, Phys. Rev. D79,
034011(2009).
[15] X.Guo, S.Shi and P.Zhuang Phys. Lett. B718,
143(2012).
[16] S.Digal, O.Kaczmarek, F.Karsch, and H.Satz, Eur.
Phys. J. C43, 71(2005).
[17] O.Kaczmarek, F.Karsch, P.Petreczky and F.Zantow,
Phys. Lett. B543 41(2002).
[18] D.Blaschke, O.Kaczmarek, E.Laermann and
V.Yudichev, Eur. Phys. J. C43, 81(2005).
[19] S.Datta, F.Karsch, P.Petreczky and I.Wetzorke Phys.
Rev. D69 094507(2004).
[20] J. Beringer et al. (Particle Data Group), Phys. Rev.
D86, 010001 (2012).
[21] H.W.Crater, J. Comp. Phys. 115, 470(1994).
[22] E.Megias, E.Ruiz Arriola and L.L.Salcedo, Phys. Lett.
B563, 173(2003).
[23] K.Morita and S.H.Lee, Phys. Rev. D82, 054008(2010).
[24] S.H.Lee and K.Morita, Phys. Rev. D79,
011501(R)(2009).
[25] For instance, see S.Leupold, V.Metag and U.Mosel, Int.
J. Mod. Phys. E19, 147(2010).
[26] F.Noferini (ALICE collaboration), Nucl. Phys. A904-
905 483c (2013).
[27] ALICE collaboration, arXiv:1303.5880 [nucl-ex].
[28] P.F.Kolb, J.Sollfrank and U.Heinz, Phys. Rev. C62,
054909(2000); P.F.Kolb, P.Huovinen, U.Heinz, Phys.
Lett. B500 232(2001).
[29] T.Hirano, P.Huovinen and Y.Nara, Phys. Rev. C83,
021902(2011).
